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Introduction
CP violation is one of the most intriguing puzzles in particle physics and a lot of work has been devoted to the search of its origin. The most accepted way to generate CP violation in the Standard Model (SM ) is through the Cabibbo-Kobayashi-Maskawa (CKM ) phase. [1] This way has demonstrated to be very accurate to describe the phenomenology of the neutral kaon system. [2, 3, 4] However, there are other ways which can give account of the CP violation effects on the neutral kaon system while exhibiting new interesting features. One of these ways consists on searching for a natural origin of the CP violating phase, for example, through complex vacuum expectation values. This can be achieved in the Left-Right Symmetric Model (LRSM ) [5, 6, 7, 8, 9] where there is one genuine complex vacuum expectation value due to the presence of a scalar bidoublet, and which is responsible for the quark sector CP violating phase. There is also another genuine complex vacuum expectation value due to the presence of two scalar triplets which, together with the scalar bidoublet vacuum expectation value, are the responsibles for the CP violation in the lepton sector. The main advantages of this model is that it permits to explain both parity and CP as spontaneously broken symmetries, and identify the hypercharge with the quantum number B − L giving it thus a physical meaning. Another property of this model is that it gives an explanation of the smallness of the neutrino masses, through the see-saw mechanism, [10] as well as a framework for the study of the CP violation in the lepton sector, which is not present in the SM and that is source of lots of present experimental and theoretical works. [11] As the SM explains succesfully the effects of CP violation on the neutral kaon system, we expect that it can explain these effects on the B systems too. The dilepton asymmetry
relates directly to the parameter of indirect CP violation ε B . The most recent experimental results show that Reε B , for the B d system, lies in the range 1.2 ± 2.9 ± 3.6 × 10 −3 [12] which has a central value different to zero but with a too long width. Then, it is possible to have many different models which explain correctly the effects of CP violation on the neutral kaon system, giving a value for Reε B compatible with the experimental width but, in principle, different to the SM one. Many of these models are also able to give some insight in the understanding of the CP violation in the lepton sector. Among these models of new physics is the LRSM .
The main goal of this article is to study the predictions of the LRSM about the parameter Reε B for both the B d and B s systems, by means of the calculation of the dilepton asymmetry a ll , and to compare them to the predictions of the SM and to the experimental results. Unlike other authors [13, 14, 15] we consider the crucial fact that the right scale of the LRSM must be of the order υ R ∼ 10 7 GeV if we want a phenomenologically consistent model which avoids flavour changing neutral currents and predicts the correct order of magnitude for the masses of the left-handed neutrinos. This in turn avoids enlarging even more the original LRSM . [6, 8] Therefore, the new physics sector of the LRSM decouples from the quark sector and, thus, the new physics effects involving interactions with quarks are negligible. So, both the SM and the LRSM predict the same value for the parameter Reε B in the B d,s systems. This statement, which summarizes the novel contribution of this paper, is completely different to the several predictions found in the literature [14, 15] because they ignore the strong constraint on υ R and assume an order of magnitude of 1 T eV for it, leading to a low mass spectrum of scalar particles that contribute significatively to the box diagrams necessary to calculate the parameter of indirect CP violation ε B .
This paper is organised as follow: in the section 2 we study the phenomenology of the CP violation for the B systems. In the section 3, we describe the LRSM , while in the section 4 we calculate the parameter Reε B for the B d,s systems in the frames of both the SM and the LRSM . We compare their predictions to the experimental data. Finally, in the section 5, we conclude.
Phenomenology of CP Violation for B Systems
There are two kinds of B mesons: B L and B H , which we can write as linear combinations of CP eigenstates and that at the same time are linear combinations of the flavour eigenstates B 0 and B 0 :
where | B 1 and | B 2 are the CP eigenstates, even and odd respectively:
We can see that | B L is almost the CP -even state | B 1 with a tiny admixture of the CP -odd state | B 2 , and that | B H is almost the CP -odd state | B 2 with a tiny admixture of the CP -even state | B 1 . The parameter ε B represents the measure of the CP violation in the "state mixing". The two states | B L and | B H have their own proper mass and lifetime. [16] One of the possible products in a e + e − collision is a pair B 0 − B 0 .
Working in the basis of flavour eigenstates, we can determine the evolution of this pair by: [2] | B 0
with
where M L(H) and Γ L(H) are the mass and the inverse of the lifetime of
For an event where both B mesons undergo semileptonic decay, we can define a charge asymmetry of such events as: [17] 
where N (l ± l ± ) indicates the number of pairs l ± l ± produced in the decay. The numbers of leptonic pairs N (l + l + ) and N (l − l − ) are related to ε B by:
Thus:
According to the last result, a dilepton asymmetry is directly related to a nonvanishing value of ε B which measure the amount of indirect CP violation. This result is model independent and, therefore, it entitles us to calculate the dilepton asymmetry a ll via the calculation of the parameter ε B for any kind of particle model.
Description of the LRSM
The LRSM is based on the group of symmetries SU (2) L ⊗ SU (2) R ⊗ U (1) B−L ⊗C ⊗P which assure both parity and CP conservation. According to this, it is possible to assign leptons and quarks the following quantum numbers:
where the U (1) generator corresponds to the B − L quantum number of the multiplet. [5, 6, 7, 8, 9] The gauge bosons consist of two triplets:
and one singlet:
Due to the existence of a discrete parity symmetry, the model must be invariant under the transformations:
To break the symmetry, and give mass to bosons and fermions, it is necessary to introduce a bidoublet Φ and two scalar triplets ∆ L and ∆ R which can be written in a convenient matrix representation 2 × 2: [6, 7, 8, 9] 
We need to introduce these elements so that the new vectorial physical bosons W R and Z ′ get heavy masses compatible with the experimental bounds.
With these scalar elements, the most general scalar potential (V ) and Yukawa lagrangian for quarks (L q Y ) and leptons L l Y , which are invariants under the manifiest discrete left-right symmetry Φ ←→ Φ † and ∆ L ←→ ∆ R , can be written as:
where: [6, 7, 8, 9 ]
and
where Φ = τ 2 Φ * τ 2 , h, h, and f are the Yukawa coupling matrices, and C is the Dirac's charge conjugation matrix. As a consequence of the discrete left-right symmetry all the terms in the potential are self-conjugate. We have chosen real coupling constants to avoid explicit CP violation.
The pattern of symmetry breaking, for the scalar bidoublet, is achieved by:
and, for the scalar triplets, by:
where [6] In addition it has been showed that, without a fine tuning of the coupling constants, the right scale of the model must be very large in order to avoid flavour changing neutral currents and ensure the correct order of magnitude for the masses of the lefthanded neutrinos. 2 [8] In fact, the right scale must be of the order υ R ∼ 10 7 GeV . This is a very important issue because most of the predictions at low energy of the LRSM will be equal to those of the SM .
A direct consequence of imposing CP as a spontaneously broken symmetry, together with the manifest left-right discrete symmetry Φ ←→ Φ † , is that the Yukawa coupling matrices h and h must be real and symmetric. This leads to a relationship between the left and right CKM matrices: 3
The only complex parameter in the quark mass matrices is the complex phase in Φ . To break CP spontaneously, we have to search for a complex vev of the Higgs bosons. The vev Φ of the expression (23) breaks the U (1) L−R symmetry and is the only source of CP violation in the quark sector. [8] 1 υL ≃ k 2 /υR where
This assures that the right-weak bosons W + R , W − R , and Z 0 R get really heavy masses compatible with the experimental bounds. 3 We have assumed that the diagonal entries of the quark squared mass diagonal matrices are all positive. For a complete review of the cases in which this does not happen see reference [15] . 
Calculation of
where
being | B 0 and | B 0 the mutually orthogonal vectors 1 0 and 0 1 .
The solution of this equation gives the following result: [2, 3, 4, 13, 14, 18, 19] 
where the superscript indicates the real part (R) or the imaginary part (I). Thus, to calculate the parameter Reε B , we have to calculate the matrix elements M 12 and Γ 12 through the so called "box diagrams" showed in the figures 1, 2, 3, and 4. [2, 3, 4, 18, 19] To make the calculations we have used the central values for the elements in the CKM matrix as well as the central value for the CKM complex phase δ. 4 [16, 19, 20] The calculation in the SM involves the box diagrams of the figures 1, 2, 3, and 4, where W is the SM charged gauge boson and φ is the corresponding charged goldstone boson. Following the well known standard techniques summarized in [21] 
What we see is that the SM prediction for the central value of the parameter Reε B d lies in the middle of the experimental width and its order of magnitude is the same as in the kaon system: 10 −3 . Moreover, the SM predicts a value for Reε Bs two orders of magnitude below the prediction for Reε B d and with opposite sign. Future improvements on the measurement of the dilepton asymmetry will reduce the experimental width and let us constrain even more the possible candidate models of new physics. At the present there is no measurement of the dilepton assymetry in the B s system, which is very unpleasant because it would give us more confidence about the range of validity of our models of CP violation.
ε B in the LRSM
According to the reference [8] there are four explored cases in the LRSM corresponding to the combinations of maximum and no CP violation both in the quark and in the lepton sectors. Following this reference, the cases I and II corresponding to a maximal CP violation in the quark sector (α = π/2) are ruled out because they present flavour changing neutral currents at a level which is inconsistent with the current phenomenology. In contrast, the cases III and IV corresponding to no CP violation in the quark sector (α = 0) do not present any phenomenological inconsistency and are appropiated to calculate the matrix elements M 12 and Γ 12 . 5 To avoid an explicit origin for the CP violation in the quark sector, we have to adjust α to be small enough so as not to change the main features and results found, and to lead to the correct experimental value for the CKM phase of the SM . Effectively, to obtain the correct value for the CKM phase of the SM , we need a value close to zero for the spontaneous CP phase α. [22] The case III corresponds to no CP violation in the quark sector (α = 0), and maximum CP violation in the lepton sector (θ = π/2) and since the right scale of the model is very large υ R ∼ 10 7 GeV there is no any signal of new physics except for the presence of six additional physical scalar bosons at the electroweak scale: two neutral, two singly charged, and two doubly charged. [8] These new bosons, together with the SM -like scalar boson, are:
5 We have used an universal value for the free dimensionless parameters of the scalar potential equal to 0.7. See reference [8] .
where φ
± is the real (imaginary) part of:
For the present calculation we need the SM box diagrams of the figures 1, 2, 3, and 4, as well as other box diagrams including the new singly charged physical scalar bosons interacting with the quark sector. These bosons must be linear combinations of the singly charged fields φ ± 1 and φ ± 2 according to the Yukawa Lagrangian for the quarks in equation (21) . 6 However, as we can see in (37),the new singly charged scalar bosons are linear combinations of the singly charged fields δ ± L and δ ± R in the scalar triplets and, therefore, there is no new physics contribution to the matrix elements M 12 and Γ 12 . 7 In contrast, most of the predictions found in the literature [14, 15] assume an order of magnitude for υ R of 1 T eV , leading to a low mass spectrum of scalar particles that contribute significatively to the box diagrams with one or two internal singly charged scalar fields. In this case the gauge boson W R also contributes significatively to the box diagrams with one or two interal gauge fields and must be considered. This scheme, which ignores the strong contraint on υ R , leads to conclusions completely different to those we have found.
The case IV , corresponding to no CP violation both in the quark sector (α = 0) and in the lepton sector (θ = 0), is the easiest of all the cases because it reduces to the SM in the limit in which υ R goes to the infinity and α ≈ 0. [6, 8] Therefore we just need to use the SM box diagrams of the figures 1, 2, 3, and 4, and at the end the predictions of both the LRSM and the SM on the parameter Reε B are equal. 6 The neutral scalar fields are not considered in the calculation since the flavour changing neutral currents are well suppresed. The doubly charged scalar fields are not considered in the calculation because it is impossible to construct one-loop diagrams for the B 0 − B 0 oscillation which include internal doubly charged bosons. 7 Our point of view agrees with Cocolicchio and Fogli's in reference [13] concerning to the lack of new important CP violation phenomena, in the neutral kaon system, with respect to the standard left-left computation when there is no valuable WL −WR mixing.
Conclusions
The study of the CP violation in the B mesons systems is a very strong source of developments in particle physics. In particular, the improvements in the measurement of the dilepton asymmetry will let us understand more about the origin of the CP violation and the possible models of new physics we can propose to explain it. Given the present experimental uncertainty in the value of Reε B d we have shown that the SM prediction agrees with the experiment and its order of magnitude is the same as in the kaon system: 10 −3 . We have also shown that the SM predicts a value for Reε Bs two orders of magnitude below the prediction for Reε B d and with opposite sign.
Lots of models can be proposed to explain the origin of the CP violation phenomenon. Among these models is the LRSM which give us a natural explanation for the parity and CP violation as well as a physical meaning for the hypercharge quantum number. Additionally, this model explains the smallness of the neutrino masses; gives us a framework to study the CP violation in the lepton sector, which has not been observed yet but that we will surely be able to observe in the foreseeable future; and exhibits new scalar bosons at the electroweak scale which are the focus of most current and future experimental work. [23] However, since the right scale of the model is very large υ R ∼ 10 7 GeV , the new physics sector decouples from the quark sector and, therefore, most of the predictions at low energy of the LRSM will be equal to those of the SM , in particular those corresponding to the parameters Reε 
